Background--Endothelial insulin resistance is insulin-insensitivity in the vascular endothelium and can be observed in experimental models. This study aimed to investigate endothelial insulin resistance in patients with suspected coronary artery disease. To this end, a novel method of obtaining freshly isolated arterial endothelial cells from a radial catheter sheath was developed.
I
nsulin resistance (IR) is classically defined as the impaired action of insulin in organs responsible for glucose metabolism, including adipose tissue, skeletal muscle, and the liver. 1 In IR, insulin-mediated glucose uptake is reduced in muscles and adipocytes. Moreover, hepatic gluconeogenesis and lipogenesis are increased, whereas lipolysis occurs in adipose tissue. However, a more comprehensive concept includes insulin-insensitivity in other organs that are regulated by insulin but not directly involved in the control of blood glucose levels. 2 Endothelial IR is insulin-insensitivity in the vascular endothelium and is considered peripheral IR. 3 Insulin directly stimulates the release of nitric oxide (NO) from the endothelium by activating insulin receptor substrate (IRS)-1, which leads to phosphatidylinositol 3-kinase (PI3K)-protein kinase B (Akt)-mediated phosphorylation of endothelial NO synthase (eNOS). [4] [5] [6] [7] NO promotes vasodilatation and prevents leukocyte adhesion, 8 thrombocyte aggregation, 9 and smooth muscle cell proliferation. 10 Therefore, when the action of insulin is reduced in the endothelium, it is thought to be associated with endothelial dysfunction and other vascular diseases. At present, the definition of endothelial IR is almost equal to deterioration of IRS-1/PI3K/Akt/eNOS signaling, which can be observed only in experimental models using endothelial cells or animals. 2 The concept of endothelial IR has not been clinically established because only a small number of studies have shown the actual response to insulin in endothelial cells of patients with metabolic disorders to date. 11, 12 Many clinical studies have reported that IR decreases NO synthesis in the endothelium. However, the assessments in these studies were based on metabolic IR, for example the homeostatic model assessment of insulin resistance. 13 Thus, if possible, it is preferable to evaluate endothelial IR for this purpose. Therefore, we have developed a novel method of obtaining endothelial cells from patients. We collected arterial endothelial cells from radial catheter sheaths, which are disposable devices for coronary angiography. This does not require any additional invasive procedures and can be used in many patients. The aim of this study was to explore the influential factors of endothelial IR using our novel method because IRS-1/ PI3K/Akt/eNOS pathway can be deteriorated by various factors. Our hypothesis is that endothelial IR may occur in patients with not only diabetes mellitus but also cardiovascular disease which can cause endothelial dysfunction such as heart failure and atherosclerosis. We considered eNOS responses to insulin as an index of endothelial IR, 11, 12 and compared them with laboratory examination, echocardiographic parameters, and the cardio-ankle vascular index (CAVI). Lower amplification of insulin-induced phosphorylated endothelial NO synthase at Ser1177 (p-eNOS) has been shown to be an indicator of insufficient NO production. 12 CAVI is an indicator of arterial stiffness that excludes the effect of blood pressure at the time of the measurement. 14 In addition,
we assessed eNOS responses to vascular endothelial growth factor (VEGF) and acetylcholine.
Materials and Methods
The authors declare that all supporting data are available within the article and its online supplementary files. Additional methods and results can be found in Data S1.
Subjects
Patients who underwent elective cardiac catheterization from January 2017 to December 2017 at the National Defense Medical College Tokorozawa, Japan were enrolled in the study. Exclusion criteria included ongoing treatment for malignant tumor and hemodialysis. The study protocol was approved by the National Defense Medical College Review Board, and all participants provided written informed consent. Hypertension was identified as blood pressure above 140/ 90 mm Hg or as receiving medication for the condition. Diabetes mellitus (DM) was diagnosed as fasting blood glucose >126 mg/dL or the use of insulin or oral hypoglycemic agents. Hyperlipidemia was defined as total cholesterol >220 mg/dL, low-density lipoprotein cholesterol >140 mg/dL, or receiving anti-hyperlipidemic medication. Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease equation modified for a Japanese population. 15 
Laboratory Examination
Blood samples were drawn through a guiding sheath during coronary angiography without the administration of heparin or nitroglycerin, collected into plain tubes, and refrigerated immediately. Serum was obtained by centrifugation at 1610g for 10 minutes at 4°C. Derivatives of reactive oxygen metabolites (d-ROMs) were measured in serum using the reactive oxygen metabolites free radical test (Dacron International, Grosseto, Italy). The d-ROMs test was used to quantify total hydroperoxide levels by measuring the ability of transition metals to catalyze the formation of free radicals. Oxidized N,N-diethyl-para-phenylenediamine was detected spectrophotometrically at 505 nm. 16, 17 One unit of d-ROMs (U-CARR) corresponds to the amount of hydroperoxide that can be converted by superoxide dismutase to approximately 0.08 mg/dL H 2 O 2 . Homeostatic model assessment of insulin resistance was calculated from fasting insulin levels, as previously described. 18 
Coronary Angiography
Coronary angiography was performed with a 4 Fr catheter system. Angiograms were taken from at least 4 standard projections for each right and left coronary artery. Coronary artery disease (CAD) was defined as the presence of coronary stenosis of >75% in at least 1 coronary vessel in the angiogram, or a past history of myocardial infarction,
Clinical Perceptive
What Is New?
• We developed a new non-invasive method to collect human freshly isolated arterial endothelial cells from radial catheter sheaths, which are disposable devices for coronary angiography.
• Using the freshly isolated arterial endothelial cells, endothelial insulin resistance, defined as reduced insulin-induced endothelial nitric oxide synthase activation via insulin receptor substrate-1/phosphatidylinositol 3-kinase/protein kinase B/endothelial nitric oxide synthase signaling. was assessed by immunofluorescent microscopy.
What Are the Clinical Implications?
• Endothelial insulin resistance was associated with nondiabetic factors including oxidative stress, heart failure, and arterial stiffness assessed by cardio-ankle vascular index.
percutaneous coronary intervention, or coronary artery bypass grafting surgery.
Physiological Tests
Cardio-ankle vascular index (CAVI) was obtained using a VaSera CAVI instrument (Fukuda Denshi Co, Ltd, Tokyo), equipped with electrocardiography, phonocardiography, and mechanocardiography functions. CAVI was recorded in patients after 5 minutes of rest in the supine position. The calculation of CAVI is based on blood pressure and heartankle pulse wave velocity, monitoring of heart sounds, and electrocardiography. Heart-ankle pulse wave velocity was calculated by dividing the distance from the aortic valve to the ankle artery by the sum of the time intervals between aortic valve closure sound (first part of the second heart sound) and the notch of the brachial pulse wave, and between the rise of the brachial pulse wave and the ankle pulse wave. CAVI was determined using the following formula,
where Ps and Pd are systolic and diastolic blood pressure, respectively; q is blood density; and a and b are constants. CAVI was taken as the average of the right and left CAVI values. A CAVI score of <8.0 is supposed to be normal, whereas a value <9.0 but ≥8.0 is considered "borderline". A CAVI ≥9.0 leads to a diagnosis of suspected arteriosclerosis. 14, 19 For the CAVI evaluation, we excluded patients with severe aortic insufficiency, bilateral ankle-brachial index <0.9, or persistent atrial fibrillation ( Figure 1 ) because it is difficult to obtain accurate measurements in such patients. 20 
Echocardiography
Transthoracic echocardiography was performed by trained sonographers. Peak early diastolic transmitral flow velocity (E) and peak late diastolic transmitral flow velocity (A) phases of mitral inflow were recorded at the mitral valve leaflet tips from an apical 4-chamber view using pulsed Doppler echocardiography. Deceleration time was derived from the early filling wave and left ventricular (LV) myocardial velocity was evaluated at the septal mitral valve annulus. The peak early diastolic annular velocity (E 0 ) was measured using tissueDoppler imaging. The ratio of early mitral filling velocity (E) to E 0 (E/E 0 ) was calculated as an index of LV diastolic dysfunction. The ejection fraction was measured using echocardiography with the Teichholz method or biplane modified Simpson method if appropriate.
Peripheral Endothelial Cell Collection
An inner dilator of a radial catheter sheath used for coronary angiography was extracted under a sterile technique (Medikit Co, Ltd, Japan) as follows. A right wrist was sterilized. A radial artery was punctured by a thin needle with inner lumen. Then, a guidewire was placed into the artery through the needle. A 4 Fr radial catheter sheath was inserted into radial artery along with the guidewire. The inner dilator of the sheath was extracted together with the guidewire from the radial artery. In the laboratory, endothelial cells adherent to the disposable device were removed by washing with an erythrocyte lysing kit (R&D Systems) and the pellet was obtained by centrifugation. The pellet was washed again with endothelial basal medium (EBM-2; Lonza, Basel, Switzerland) and plated on poly-L-lysine-coated microscope slides (Sigma, St. Louis, MO). After the incubation in 5% CO 2 37°for 30 minutes, the endothelial cells were treated with or without insulin (WAKO: 100 nmol/L, 30 minutes), recombinant human vascular endothelial growth factor (WAKO: 20 ng/mL, 30 minutes), or acetylcholine (Sigma: 1 lmol/L, 15 minutes). Next, the cells were fixed immediately in 4% paraformaldehyde and the slides were washed in PBS, dried and stored at À80°C until further processing. The process from harvesting cells to fixation takes 90 minutes.
Assessment of Protein Expression by Quantitative Immunofluorescence
Fixed sample slides were thawed and rehydrated with PBS containing 50 mmol/L glycine (Sigma) for 10 minutes. The cells on the slides were permeabilized with 0.1% Triton X-100, and non-specific binding sites were blocked with 0.5% BSA. The slides were incubated overnight at 4°C with primary antibodies against the following targets: phosphorylated eNOS at ser1177 Figure 1 . were obtained with a fluorescence microscope (BZ-X700, KEYENCE, Japan) at 940 magnification. The exposure time was constant at 200 ms for p-eNOS. Fluorescence intensity was quantified by a software program (KEYENCE Corp., Osaka, Japan). Image intensity was corrected for background fluorescence by subtraction. For each protein of interest, fluorescence intensity was quantified in 20 cells from each patient and the means were obtained. Intensity is expressed in arbitrary units (au), which is the percentage of the average fluorescence intensity from the patient sample to the average fluorescence intensity of the human aortic endothelial cells slide stained at the same time. This formula is used to adjust deviations under staining conditions. Quantification was performed with blinding to the identity of the subject. The percentage change of p-eNOS by each stimulus (insulin, VEGF, acetylcholine) was calculated as follows:
Percent change of p-eNOS ð%Þ ¼ 100 Â ðstimulated p-eNOS À basal p-eNOSÞ=basal p-eNOS where basal p-eNOS is the intensity of p-eNOS without stimulation.
Statistical Analyses
The distribution of continuous clinical characteristics and measurements were evaluated by examining a histogram and applying the Shapiro-Wilk test. The 2-group comparisons were performed with t test or Mann-Whitney U test as appropriate. Categorical clinical characteristics were compared using v 2 testing or Fisher exact test if appropriate. The correlation coefficient of 2 variables of normal distribution was obtained with Pearson method. Spearman method was used if at least 1 variable of non-normal distribution was included. The paired t test was used for paired samples for immunofluorescent intensities before and after serum stimulation.
Univariate and multivariate regression analyses were performed to identify independent variables associated with CAVI scores from clinical features and the results of cell experiments. In the multivariate analysis, traditional cardiovascular risk factors and the independent factors correlating with CAVI (<0.1) in the univariate analysis were included in a crude model (model 1). Next, backward stepwise method was used to select effective explanatory variables from the variables used in model 1 (model 2). In addition, we performed the adaptive least absolute shrinkage and selection operator (Lasso) regression analysis, which is currently considered to obtain a better-fitting model for small size samples (model 3). 21 d-ROMs were not included in the regression models because there was an insufficient number of patients. Statistical analyses were performed using SPSS version 22.0 (SPSS Japan, Tokyo), and JMP pro. version 13.1.0 (SAS Institute Japan, Tokyo) for the adaptive Lasso regression analysis. Summary data are presented as meansAESDs for variables of normal distribution or median (1st quartile, 3rd quartile) for those of non-normal distribution. In all analyses, P<0.05 was considered statistically significant.
Results

Subjects
A total of 84 consecutive patients undergoing coronary angiography were enrolled in this study ( Figure 1 ). Among them, the data of 69 patients were available for the analysis ( Table 1) . The study population included 39 patients (57%) with coronary artery disease (CAD). Revascularization had been performed in 25 patients. One patient had previously undergone both coronary artery bypass grafting (CABG) and percutaneous coronary intervention (PCI). In addition, CAVI scores were recorded in 46 patients. The average CAVI score was 8.78AE1.71 (Table 2) .
Identification of Endothelial Cells
The arterial endothelial cells were identified by microscope by weibel-palade bodies of vWF staining. The vWF positive cell was also probed by antibodies of total eNOS, and p-eNOS Ser1177 (Figure 2A and 2B). We found some cells to be positive for anti-vascular cell adhesion molecule-1 antibody ( Figure 2C ). The image of vascular endothelial-cadherin was also shown in Figure 2D .
Quantification of the Immunofluorescent Intensity
The validation of the immunofluorescent quantification was performed using commercialized human umbilical vein endothelial cells. The results are shown in Figures S1 through S3. We compared the results of Western blotting and immunofluorescence using this antibody ( Figure S4 ). There was a positive linear correlation between the intensities evaluated by the 2 modalities.
In addition, we preformed serum-stimulation to estimate the maximum intensity of p-eNOS Ser1177. It was previously known that thrombin in serum phosphorylates eNOS. [22] [23] [24] In the Western blotting of human umbilical vein endothelial cells, p-eNOS Ser1177 was increased after augmented p-Akt Ser473 by human fresh serum. Diabetes mellitus, n (%) 22 (32) Current smoking, n (%) 25 (36) Previous conditions CAD, n (%) 39 (57) OMI, n (%) 13 (19) CABG, n (%) 5 (7) PCI, n (%) 21 (30) Persistent AF, n (%) 9 (13) DCM, n (%) 8 (12) HCM, n (%) 2 (3)
Aortic aneurysm, n (%) 5 (7) Valvular heart disease, n (%) 9 (13) Hospital admission for heart failure, n (%) 17 (25) Medications Beta-blocker, n (%) 36 (52) ACE inhibitor, n (%) 12 (17) ARB, n (%) 27 (39) Calcium channel blocker, n (%) 22 (32) Furosemide, n (%) 17 (25) Spironolactone, n (%) 13 (19) Statins, n (%) 42 (61) Insulin, n (%) 5 (7) Warfarin, n (%) 9 (13) P2Y 12 inhibitor, n (%) 24 (35) Aspirin, n (%) 31 (45) Data are expressed as means or counts (%) as appropriate. ACE indicates angiotensin-converting enzyme; AF, atrial fibrillation; ARB, angiotensin receptor blocker; BMI, body mass index; CABG, coronary artery bypass surgery; CAD, coronary artery disease; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; OMI, old myocardial infarction; PCI, percutaneous coronary intervention. This increase was eliminated by eNOS knockdown ( Figures S5 and S6 ). Therefore, we subsequently cultured freshly isolated endothelial cells harvested from 18 patients with their serum. Figure 3 shows the endothelial cells collected from the same patient ( Figure 3A and 3E: control, Figure 3B and 3F: serum-stimulation). The intensity of p-eNOS was dramatically increased by serum ( Figure 3C and 3D) . The p-eNOS Ser1177 intensity could be a positive control of the experiment.
Clinical Factors Associated With Basal
Phosphorylation of eNOS at Ser1177 Table 3 shows the relationships between the clinical backgrounds of the patients and the immunofluorescence intensity of freshly isolated endothelial cells stained with p-eNOS antibody. The mean value of basal p-eNOS measured in arbitrary units (au) was 41AE22 (n=69). The quantitated intensity was higher in patients with hyperlipidemia (hyperlipidemia, 46AE23, n=43; others, 33AE16, n=26; P=0.020). In addition, the intensities in endothelial cells correlated positively with log-transformed brain natriuretic peptide BNP (Log 10 BNP) and negatively with levels of hemoglobin and hematocrit, suggesting the influence of heart failure.
Clinical Factors Associated With eNOS Response to Insulin
The percentage change in insulin-induced p-eNOS (DINS, %) was higher in men than in women (men, 13AE31, n=47; women, À12AE25, n=15; P=0.005). DINS deteriorated with an increase in Log 10 BNP, E/E 0 and d-ROMs ( Figure 4A through 4C) (Table 3) . DINS was positively correlated with eGFR ( Figure 4D ). These results suggested an association with heart failure, oxidative stress and renal function. In addition, DINS was not directly related to diabetes mellitus (DM), (DM, 8AE40, n=20; others, 7AE27, n=42; P=0.872). DINS did not correlate with HbA1C, fasting glucose level, fasting insulin level, homeostatic model assessment of insulin resistance ( Figure 4E through 4H) . However, DINS was significantly decreased in diabetics using self-injections of insulin (insulin therapy, À29AE18, n=5; others, 10AE30, n=57; P=0.006). There were more women under insulin therapy than men (women, n=4/15 [27%]; men, n=1/47 [2%]; P=0.010). In a subgroup of type-2 DM patients, DINS was significantly reduced in patients with CAD compared with those without it (CAD, À3AE39, n=14; non-CAD, 33AE34, n=6; P=0.012).
Clinical Factors Associated With eNOS Response to VEGF, and Acetylcholine
The percentage change in VEGF-induced p-eNOS (DVEGF, %) was decreased in current smokers (current smoker, À16AE22, n=12; others, 10AE31, n=18; P=0.020). Furthermore, it was reduced in patients using furosemide (furosemide, À21AE27, n=7; others, 6AE29, n=23; P=0.037). DVEGF correlated negatively with d-ROMs (Table 3, Figure 5A ). Although DVEGF was not significantly associated with Log 10 BNP in this study, d-ROMs were moderately associated with Log 10 BNP (r=0.516, n=60, P<0.001). DVEGF also correlated with serum levels of The intensity of p-eNOS (arbritrary unit) was strongly increased by thrombin in the serum (control: 33AE20, serum 125AE80, n=18; P<0.001) (C). The % increase of serum-stimulation was 331AE267, which was much higher than insulin, VEGF, acetylcholine (D). The images of low magnification (control: E; serum-stimulation: F) revealed that the intensity of p-eNOS was enhanced in only the vWF positive cells. The white arrows indicate the endothelial cells. DAPI indicates 4 0 ,6-diamidino-2-phenylindole stain; p-eNOS, phosphorylated-endogenous nitric oxide synthase at Ser1177; VEGF, vascular endothelial growth factor; vWF, von Willebrand Factor. aspartate aminotransferase and alanine aminotransferase ( Figure 5B and 5C) .
In contrast, the percentage change in acetylcholineinduced p-eNOS (DACh, %) increased with a decrease in eGFR ( Figure 5D ). DACh was higher in patients with chronic kidney disease defined as eGFR <60 mL/min (chronic kidney disease, À8AE25, n=18; non-chronic kidney disease, 16AE43, n=29; P=0.037).
Representative Images of eNOS Activation and CAVI
The representative images of the 2 cases with high and low CAVI are shown in Figure 6 . In the case of low CAVI, the basal p-eNOS intensity was low while the insulin-induced peNOS intensity was high ( Figure 6A) . However, the difference was reduced in patients with high CAVI by both the elevation of basal intensity and reduced response to insulin ( Figure 6B ).
Regression Analyses for CAVI
Univariate analysis showed that DINS was inversely associated with CAVI (Table 4, Figure 7) . In multivariate regression analysis, the crude model (model 1) showed that the relationship between DINS and CAVI was not significant. However, the traditional stepwise regression model (model 2) and the adaptive Lasso regression model (model 3) showed that DINS was independently associated with CAVI ( Figure S7 ).
Discussion
This cross-sectional study using a novel method had 2 major findings. First, DINS inversely correlated with oxidative stress, IR was associated with arterial stiffness, LV diastolic dysfunction, and heart failure in this study. However, arterial stiffness and heart failure might induce endothelial IR (Figure 8 ). 26, 27 Heart failure is a condition of high oxidative stress and the increased secretion of proinflammatory cytokines. Therefore, it is reasonable to think that signal transduction in the IRS-1/ PI3K/Akt/eNOS pathway could be impaired in heart failure. 26 It was previously reported that insulin signaling can be impaired by non-diabetic causes including oxidized low density lipoprotein cholesterol, 28 angiotensin II, 29, 30 vasopressin, 31 TNF-a, 32 leptin, 33,34 uric acid, 35 various hormones, 36 and chronic kidney disease. 37 Our results are concordant with clinical studies that have reported that endothelial dysfunction is accompanied with chronic congestive heart failure [38] [39] [40] and increased mortality from heart failure. 41 Arterial stiffness increases pulse wave reflection and causes LV diastolic dysfunction. Therefore, it is considered an exacerbating factor in heart failure. 42, 43 The primary cause of arterial stiffness is a change in medial structural components. 44 Matrix metalloproteinases promote overproduction of abnormal collagen and degradation of elastin in the extracellular matrix. 45 Moreover, an accumulation of advanced glycation end products, calcium deposition, neurohormonal factors, and sympathetic nerve activation also play roles in development of arterial stiffness. In addition to the structural changes, endothelial dysfunction provokes vasomotor dysregulation and vascular stiffening. [46] [47] [48] Therefore, endothelial IR, which indicates the dysregulation of IRS-1/PI3-kinase/Akt/eNOS signaling, could be involved in the pathogenesis of arterial stiffness. Surprisingly, the patients with type-2 DM in this study did not always have endothelial IR, although most previous studies have explored the mechanisms of endothelial IR in subjects with obesity or type-2 DM. Because most patients had severe atherosclerotic disease and/or heart failure, the difference attributable to diabetes mellitus was difficult to be elucidated. However, all type-2 DM patients under insulin therapy had decreased eNOS response to insulin. There were more women under insulin therapy than men. We think that was the main reason for the sex difference of DINS in our study. Additionally, a sub-analysis of type-2 DM patients revealed that insulin-induced eNOS activation was significantly lower in diabetics who had CAD than those who did not. Thus, the duration, severity, and treatment of type-2 DM might influence endothelial IR and further investigation is needed.
We tested the response of eNOS to stimuli other than insulin. VEGF is an important regulator of endothelial healing and growth and angiogenesis after vascular injury. VEGF mediates the release of NO via the IRS-1/PI3-kinase/Akt/ eNOS pathway in the process. 49 DVEGF was attenuated in smokers in our results. This is concordant with a previous study showing that cigarette smoke impairs VEGF-dependent activation of the Akt/eNOS/NO pathway in human umbilical vein endothelial cells. 50 Furthermore, DVEGF was associated with d-ROMs similarly to DINS. We previously showed an association between d-ROMs, serum levels of BNP, and highsensitivity C-reactive protein. 51 Because oxidative stress is a common mediator of atherosclerosis, heart failure, and inflammation, it is understandable that high-oxidative stress can decrease DINS and DVEGF. In contrast, the clinical factors associated with DACh did not match those of DINS and DVEGF. Various cascades in acetylcholine-induced phosphorylation of eNOS have been previously reported. [52] [53] [54] [55] [56] Acetylcholine induces rapid tyrosine phosphorylation and the activation of Janus kinase 2 signaling, which is upstream of the IRS-1/PI 3-kinase/Akt/eNOS pathway. 56 This is an additional mechanism of acetylcholine-induced eNOS activation transferred to a calciumdependent activation. 57, 58 However, our sample size was too small to allow an evaluation of other signaling molecules underlying the activation of acetylcholine-induced eNOS. Thus, further investigation is required to clarify the differences between DINS, DVEGF, and DACh. To our knowledge, this is the first study to investigate freshly isolated arterial endothelial cells collected from a radial catheter sheath used for coronary angiography. Because commercialized human aortic endothelial cells and retrieved endothelial cells from animal tissues need stabilization in culture medium for a long time before experimental processes, we think that our non-invasive method could be advantageous for evaluating the phenotypes of cardiovascular disease, including arterial stiffness. Furthermore, a future aim is to find a way to restore endothelial function and inhibit the progression of arterial stiffness. Figure 6 . Images of p-eNOS Ser1177 in patients with low and high CAVI scores. A, The images are from a 57-year-old non-CAD man who had a history of smoking and obesity only (bone mass index: 27.1). CAVI was 7.77. Among laboratory data, BNP (25.4 pg/mL) and eGFR (97.4 mL/min) were within normal range. The basal p-eNOS intensity was at low level (CONT). The intensity was increased by stimulation with insulin (+51%), VEGF (+45%), and acetylcholine (+79%). B, The images from a 75-yearold man with severe CAD and low cardiac function (ejection fraction 20%). He had diabetes mellitus, hypertension, hyperlipidemia, and was a current smoker. BNP was 1981.7 pg/mL (Log 10 BNP: 3.30); however, renal function was within normal range (eGFR 69.8 mL/min). CAVI score was 10.11. The basal peNOS was already enhanced (CONT), and the responses to stimuli were reduced. These resulted in decreases in the percentage changes induced by insulin (À1.6%) and VEGF (À27%). However, the acetylcholine-induced p-eNOS intensity was not reduced (+11%). Red-von Willebrand Factor; Green-p-eNOS; Blue-DAPI. BMI indicates body mass index; BNP, brain natriuretic peptide (pg/mL); CAD, coronary artery disease; CAVI, cardioankle vascular index; CONT, control; DAPI indicates 4 0 ,6-diamidino-2-phenylindole stain; eGFR, estimated glomerular filtration rate; p-eNOS, phosphorylated endogenous nitric oxide synthase at Ser1177; VEGF, vascular endothelial growth factor; vWF, von Willebrand Factor.
Many patients undergo repetitive coronary angiographies; thus this method is applicable for these patients so that the effects of drugs, nutrition, and lifestyle interventions can be seen.
This study had several limitations. First, the number of patients was too small to evaluate all underlying factors and drug effects that affect eNOS activity. The relatively small sample size for the CAVI analysis is concerning when attempting a multiple regression with a potentially large number of predictors. Therefore, we confirmed the association of DINS with CAVI by different modeling strategies. However, more samples are needed for accuracy. Second, this observational study did not have a control group of healthy participants because all participants had to have a reason to undergo coronary angiography. Third, we assessed endothelial IR with the percentage changes in peNOS; however, total eNOS was not evaluated. There were possibilities that the variability of staining intensity could not be completely excluded even though control slides were used, and excessive standardization such as dividing peNOS by total eNOS could diminish the accuracy. Accordingly, we thought that measurements of percentage change could be more reliable markers, because the effect of total eNOS and the variability of staining intensity were eliminated in the formula. In addition, the Western blots of the phosphorylated and total eNOS of the endothelial cells with or without insulin treatment are more reliable than immunofluorescence. Using some commercialized devices, Western blotting may be available from the limited number of the endothelial cells obtained from catheter sheaths. Thus, we need to confirm the results by multiple methods in the future. 
Conclusion
In conclusion, our findings suggested endothelial IR is associated with oxidative stress, LV diastolic dysfunction, arterial stiffness, and heart failure. This molecular biological assessment of freshly isolated arterial endothelial cells taken from radial sheaths may help us understand endothelial IR in clinical practice. Figure 8 . Overview of the relationship between endothelial insulin resistance and heart failure. The flowchart shows our view, which is that endothelial insulin resistance is associated with arterial stiffness and heart failure.
Data S1.
Supplemental Introduction
The experimental method was referring to our previous studies, 1, 2 
Supplemental Methods
Endothelial cells
Human umbilical vein endothelial cells (HUVECs) of passage 3-4 were cultured in dish or 4-well chamber slides. The cells were starved for 24 hours with serum-free medium. The cells were collected with lysate buffer for western blotting or fixed with 4% paraformaldehyde for immunofluorescence microscopy.
Western blot analysis
Proteins were subjected to 4 to 12% gradient gels (Invitrogen) and transferred to polyvinylidene difluoride membranes. Membranes were initially blocked 
Immunohistochemistry
The method was described in our previous paper. 3 Briefly, formalin-fixed saphenous veins were embedded in paraffin, and washed with xylene, 100%
ethanol, 95% ethanol, and water for slide deparaffinization. Endogenous peroxidase was removed by treatment with 3% H2O2 for 5 minutes and washing it under running water for 5 minutes. Antigen retrieval was performed by using the autoclave method (20 minutes at 121°C) and a citrate buffer (10 mmol/L, pH 8 
Supplemental Results
Validation of anti-phospho-eNOS antibody used in the study
The method of this study is highly dependent on the quality of antibody. The western blot with anti-p-eNOS Ser1177 antibody (GTX50212, GeneTex), which were used for immunofluorescence in the study, exhibits a single band just below 150 kD ( Figure S1A ). The same membrane was stained with anti-peNOS Ser1177 antibody (CST #9571) ( Figure S1B ) and subsequently with antitotal-eNOS antibody (BD 610297) ( Figure S1C ). The bands located same molecular weight. Therefore, we confirmed that changes of immunofluorescent intensity come from the protein of this band. Thus, the anti-p-eNOS antibody (GTX50212) is available for quantification of immunofluorescent intensity. Figure S2 shows the sections of a human saphenous vein harvested from a same patient during coronary artery bypass grafting. The intima was stained by anti-p-eNOS antibody (GTX50212) (left) as same as anti-total-eNOS antibody (BD 610297) (right). The image of vascular endothelial growth factor (VEGF)-stimulated section is also available in our recent paper. 3 The intensity was thickened by 30 minutes stimulation of VEGF.
Optimization of quantifying immunofluorescence intensity
HUVECs were cultured in 4-well chamber slides ( Figure S3A ). The cells were starved for 24 hours with serum-free medium and fixed with 4%
paraformaldehyde at each time point after stimulation. From the results, the timing of evaluating immunofluorescence intensity was considered appropriate at 30 minutes for insulin, VEGF, and 15 minutes for ACh ( Figure S3B ). Figure S4A shows the immunoblotting of the HUVECs with p-eNOS Ser1177 (GTX50212). eNOS was activated after increase of p-Akt Ser473 (CST #4060).
The comparison between western blotting and immunofluorescence is shown in Figure S4B . The inter-class correlation was 0.928 (p = 0.004). The result indicates that the quantification of immunofluorescent intensity is functional to detect the change of p-eNOS Ser1177.
Validation of method with eNOS knockdown HUVECs
We created HUVECs with eNOS knock-down (KD) for negative controls to test our assessment of immunofluorescent microscopy. The images of HUVECs after insulin stimulation treated by KD were shown in Figure S5A . The total eNOS (red) was reduced by KD. The p-eNOS Ser1177 (GTX50212, green) was extinguished regardless of insulin stimulation. Figure S5B shows the western blotting of HUVECs with or without KD. The bands of p-eNOS Ser1177 (GTX50212) was eliminated by KD. Thus, these results reconfirmed the validation of the antibody.
Positive control with serum-stimulation
It was previously known that thrombin increases eNOS activation. [5] [6] [7] Figure   S6A shows the increased immunofluorescent intensity of p-eNOS Ser1177 by culturing with human fresh serum for 30 minutes before fixation. The effect was not seen in the HUVECs treated by KD. The western blotting confirmed that peNOS Ser1177 increased by serum after augmentation of p-Akt Ser473 ( Figure   S6B )
. This serum-stimulated increase of p-eNOS Ser1177 was absent by KD
